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Abstract

The Cariaco Basin is an important archive of past climate variability given its response to inter- and extratropical
climate forcing and the accumulation of annually laminated sediments within an anoxic water column. This study
presents high-resolution surface coral trace element records (Montastrea annularis and Siderastrea siderea) from Isla
Tortuga, Venezuela, located within the upwelling center of this region. A two-fold reduction in Cd/Ca ratios (3.5^1.7
nmol/mol) is observed from 1946 to 1952 with no concurrent shift in Ba/Ca ratios. This reduction agrees with the
hydrographic distribution of dissolved cadmium and barium and their expected response to upwelling. Significant
anthropogenic variability is also observed from Pb/Ca analysis, observing three lead maxima since 1920. Kinetic
control of trace element ratios is inferred from an interspecies comparison of Cd/Ca and Ba/Ca ratios (consistent with
the Sr/Ca kinetic artifact), but these artifacts are smaller than the environmental signal and do not explain the Cd/Ca
transition. The trace element records agree with historical climate data and differ from sedimentary faunal abundance
records, suggesting a linear response to North Atlantic extratropical forcing cannot account for the observed
historical variability in this region.
8 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The tropical North Atlantic exhibits signi¢cant
interdecadal climate variability as determined by

historical climate records, paleoclimate proxy
data, and coupled ocean^atmosphere general cir-
culation models [1^5]. The timing and magnitude
of its Holocene variability have been addressed by
multiple sedimentary proxies from the anoxic
Cariaco Basin ([4,6^8] and references therein).
The inferred variability from the sedimentary rec-
ords can be tested by high-resolution surface coral
records, providing an annually resolved, multi-
decadal comparison. This study presents surface

0012-821X / 03 / $ ^ see front matter 8 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0012-821X(03)00162-6

* Corresponding author. Fax: +1-609-258-1724.
E-mail addresses: mreuer@princeton.edu (M.K. Reuer),

eaboyle@mit.edu (E.A. Boyle), jcole@geo.arizona.edu
(J.E. Cole).

EPSL 6627 5-5-03 Cyaan Magenta Geel Zwart

Earth and Planetary Science Letters 210 (2003) 437^452

www.elsevier.com/locate/epsl

mailto:mreuer@princeton.edu
mailto:eaboyle@mit.edu
mailto:jcole@geo.arizona.edu
http://www.elsevier.com/locate/epsl


coral trace element records from the Cariaco Ba-
sin upwelling zone, demonstrating trace element
variability consistent with historical climate rec-
ords and providing new evidence for a century-
scale reduction in tropical upwelling.
The Cariaco Basin is an important tropical pa-

leoclimate archive based on its response to region-
al climate forcing and the annual accumulation of
sedimentary laminae. Coastal upwelling in this re-
gion is determined by the position of the Inter-
tropical Convergence Zone (ITCZ), the associated
North Atlantic wind stress anomalies, and subse-
quent northward Ekman transport. Fig. 1 shows
the location and bathymetry of the Cariaco Basin

and the reduction in regional sea surface temper-
atures (SST) due to upwelling. The rapid accumu-
lation (s 100 cm kyr31) of laminated sediments
within an anoxic water column creates a high-res-
olution, annually resolved sedimentary record
[4,6,9]. Geochemical and micropaleontological
proxy records have been developed from this re-
gion, including planktonic v

14C [10,11], sedimen-
tary gray-scale records [6], faunal abundance rec-
ords [4,7], planktonic N

18O [12], and sedimentary
major elements [8]. Of these results, the faunal
abundance record of Black et al. [7] resolves de-
cadal historical variability. Based on the abun-
dance of the planktonic foraminifer Globigerina

Fig. 1. Cariaco Basin site location map and winter SST distribution. The upper panel shows the Isla Tortuga site location (closed
circle) and regional bathymetry. The bathymetry data were taken from the Smith and Sandwell [46] 2-min grid (250 m contour
interval). Note the depth of the Cariaco Basin (1250 m), its division into two sub-basins, and its separation from the deep south-
ern Caribbean by the Tortuga Bank. The lower panel shows the mean January^February^March SST distribution of the southern
Caribbean, and the upper panel is delineated by the black rectangle. Note the reduced SSTs near the South American continent,
including two upwelling zones near Venezuela and Colombia. The SST data are taken from the Da Silva et al. [74] 0.5U0.5‡ cli-
matology (0.2‡C contour interval).
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bulloides with respect to sediment mass, an anti-
correlation (ca. r=30.8) was observed with
North Atlantic SST anomalies (at 50‡N, 35‡W).
This result suggests a linear, coupled response be-
tween subtropical^subpolar SSTs, northeasterly
trade wind intensity, and coastal upwelling on de-
cadal time scales.
Historical climate observations from the Caria-

co Basin provide a ¢rst-order constraint on past
variability, including the COADS SST and marine
air temperature (MAT) observations shown in
Fig. 2 [13]. This data set was selected for its
2U2‡ observations from 1859 to 1992 in the Car-
iaco Basin region (centered on 11‡N, 65‡W);
5U5‡ grids or above do not adequately resolve
regional upwelling. Historical climate records in-
clude two well-known artifacts: bias resulting
from discrepant measurement techniques and ali-
asing due to inadequate annual observations. For
example, early twentieth century SST estimates
were approximately 0.3^0.7‡C too low due to
the container type (wooden, canvas, or insulated
buckets), the measurement location (sunlight or
shade), and the vessel speed (sail or steam [14]).
Using historical land air temperature, MAT, and
SST data, Jones et al. [14] calculated the following
historical SST biases for the northern hemisphere:
+0.08‡C (1861^1889), 30.49‡C (1903^1941),
+0.07‡C (1942^1945), and 30.02‡C (1946^1979).
Two simple techniques were utilized to address
this problem. First, the measured SST variability
was compared to the estimated bias for the time
interval of interest (30.49‡C from 1903 to 1941
[14]), neglecting interannual variability below this
limit. Second, temperature di¡erences were calcu-
lated between the Cariaco Basin and a Caribbean,
non-upwelling domain (13‡N, 65‡W). Assuming
consistent historical SST measurements, the tem-
perature gradient should re£ect the relative up-
welling intensity within the Cariaco Basin. Fi-
nally, the MAT data are also considered, based
on their lower estimated measurement bias
(0.23‡C from 1903 to 1941 [14]). All three mean
annual historical climate records show negative
mean annual temperature anomalies from approx-
imately 1920 to 1943, followed by positive anoma-
lies from 1943 to 1988 (Fig. 2). From the high-
resolution COADS SST record (not shown),

SST anomalies less than 33‡C were observed in
7 years from 1920 to 1950 (1922, 1923, 1926,
1936, 1937, 1939, 1946), whereas only 2 years
from 1950 to 1995 (1957, 1992) were of equivalent
magnitude. Both MAT and SST results thus sug-
gest a reduction in Cariaco Basin upwelling dur-
ing the 20th century. To test this hypothesis, trace
element ratios have been measured in the surface
corals Montastrea annularis and Siderastrea side-
rea, measuring multiple elements to best isolate
the upwelling signal.

Fig. 2. Historical climate records from the Cariaco Basin,
COADS data series (2U2‡, 1859^1992). All anomalies were
calculated with respect to the 1920^1992 interval. The upper
panel shows the SST anomaly (SSTA) record from the 11‡N,
65‡W grid point. The dashed lines re£ect the historical SST
measurement bias from Jones et al. [14] (see text for discus-
sion), and note the Cariaco Basin anomalies from 1920 to
1945 cannot be explained by measurement bias alone. The
middle and lower panels show the MAT and SST di¡erence
anomalies between the 13‡N and 11‡N grid points (see text
for discussion). Correlation (r=0.846) between the SSTA
and vSSTA results suggests the Cariaco grid point deter-
mines the temperature di¡erence.
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The utility of surface coral1 trace element prox-
ies is supported by multiple calibration studies,
and a brief synopsis is provided. First, Shen et
al. [15] and Lea et al. [16] demonstrated Cd/Ca,
Ba/Ca, and Pb/Ca variability consistent with
anthropogenic emissions and equatorial Paci¢c
SSTs, suggesting elemental ratios quantitatively
re£ect past surface ocean chemistry. Several addi-
tional trace elements, including manganese
[17,18], uranium [19,20], and the rare earth ele-
ments [21] have also been calibrated for surface
corals, and down-core trace element correlations
are observed on seasonal to centennial time scales
[22,23]. Successful calibration of these elements
likely re£ects limited trace element discrimination
during surface coral calci¢cation, and this dis-
crimination can be quanti¢ed by the Henderson^
Kracek partition coe⁄cient [24] :

Dp ¼ ðX=CaÞcoral=ðX=CaÞseawater

where X corresponds to the chemical species of
interest and Dps 1 implies preferential precipita-
tion from the aqueous phase. A multi-element
compilation shown in Fig. 3 demonstrates: (1)
most elements exhibit partition coe⁄cients close
to unity; (2) departures from this trend likely re-
sult from steric e¡ects (where the substituent ionic
radius greatly di¡ers from Ca2þ or CO233 ), charge
imbalance, or biological uptake; and (3) surface
coral elemental ratios show a wide concentration
range, exceeding 10 orders of magnitude. Given
minor discrimination of trace elements relative to
Ca2þ in coral aragonite, previous calibrations sug-
gest surface corals faithfully record past varia-
tions in surface ocean chemistry.
Trace element variability in surface corals

might also include signi¢cant kinetic artifacts sim-
ilar to the growth rate dependence reported by de
Villiers et al. [25,26] for Sr/Ca ratios. One example
of trace element kinetic artifacts is shown in
Reuer [27], where systematic Pb/Ca o¡sets were
observed between contemporaneous Diploria re-
cords from North Rock, Bermuda. For this study,

large kinetic e¡ects were observed for the slowly
growing S. siderea relative to M. annularis (see
below). Consequently, the M. annularis record
will be the focus of this study. Trace element rec-
ords cannot be completely interpreted without
considering these possible artifacts, and a univer-
sal calibration cannot be applied to individual
trace element records.
Given this proxy system, what elemental vari-

ability is expected within the Cariaco Basin, par-
ticularly for cadmium and barium? To evaluate
this response, the dissolved cadmium [28] and ba-
rium [29] hydrographic pro¢les are shown in Fig.
4. The greater increase in cadmium concentrations
(258%) versus barium (2%) is evident within the
upper 150 m, resulting from the established shal-
lower regeneration of labile phytodetritus [30,31]

 

 

  

 

 
 

 

Fig. 3. Element/calcium (X/Ca) ratios for surface corals and
seawater. All data and associated references are given in
Reuer [27], and the label ‘REEs’ corresponds to the rare
earth elements. The Y-axis re£ects element/calcium ratios for
surface corals, the X-axis denotes the corresponding seawater
ratios, and the dashed line re£ects a partition coe⁄cient (Dp)
of 1. The points above the line (e.g. Pb, Lu) correspond to
preferential elemental uptake by surface corals, whereas the
points below the line (e.g. Mg, Mn, V) correspond to exclu-
sion. Note the observed exclusion of Mn2þ, V4þ, and Mg2þ

in coral aragonite, a possible consequence of reduced ionic
radii relative to Ca2þ (Mg2þ =0.89 AW , Mn2þ =0.96 AW ,
Ca2þ =1.12 AW , from Shannon [75]), charge imbalance (V4þ),
or biological uptake by coral symbionts (Mg, Mn, or V).

1 In this paper the general term ‘surface corals’ refers to
hermatypic (reef-building), zooxanthellate (symbiont-bearing),
scleractinian corals (subclass Zoantharia, class Anthozoa, sub-
phylum Cnidaria).
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relative to biogenic barite [32^34]. Assuming up-
welling extends to the base of the seasonal pycno-
cline (ca. 150 m [35]), a greater change in cadmi-
um concentrations would be expected relative to
barium. This response, however, is likely non-con-
servative and complex, including biological up-
take of upwelled cadmium, the admixture of
upper thermocline water with other nutrient-de-
pleted surface water masses, and possible island
e¡ect upwelling near reef sites. A key assumption
of this study is elevated mixed-layer cadmium
concentrations simply re£ect intensi¢ed upwelling.
A second primary trace element source is re-

gional £uvial inputs. The Orinoco River is the
greatest expected input to the southern Caribbe-
an, with greatest discharge in late boreal fall cor-
responding to the precipitation maximum associ-
ated with the ITCZ. Seasonal £uvial inputs are
best demonstrated by satellite ocean color obser-
vations, where Orinoco and Amazon river nu-
trient £uxes increase pigment and colored dis-
solved organic matter concentrations in areally
extensive plumes within the southern Caribbean
(s 3U105 km2 [36^38]). Given elevated cadmium

and barium concentrations measured from the
Orinoco and Changjiang rivers (CdW700 pM,
BaW225 nM [39]) and their subsequent particu-
late desorption in estuaries, a £uvial input is hy-
pothesized. Like upwelling variability, any result-
ing change in trace element concentrations is
complex, dependent upon seawater dilution of
the river plume, its advection into the Cariaco
Basin, and subsequent biological removal of the
trace element signal. Given the entrainment of the
Orinoco^Amazon plume within the westward,
13‡N Caribbean Current jet (as suggested by sat-
ellite chlorophyll images, Herna¤ndez-Guerra and
Joyce [40] and references therein), the in£uence of
the large South American rivers might be less
than local, low-discharge systems.

2. Methods

The methods utilized for this study include sev-
eral established techniques [41] updated for cur-
rent inductively coupled plasma mass spectrome-
try (ICP-MS) instrumentation. Complete details
regarding the collection, sampling, and analysis
of the coral cores are provided in Reuer [27].
Here a brief description is given, followed by dis-
cussion of the Cariaco Basin physiography, hy-
drography, and climatology.

2.1. Analytical methodology

Surface coral cores were collected from two
sites along the southern coast of Isla Tortuga,
Venezuela, in 1996 and 1998 (Fig. 1). Water
depths (as sea surface to the colony top) ranged
from approximately 2 to 3 m at the time of sam-
pling. Coral cores were collected with an under-
water hydraulic drill and steel carbide core barrel,
manually stabilizing the drill system and removing
coral fragments with pressurized seawater. The
oriented core sections were then cut into 1 cm
width slabs with a water-cooled tile saw, using a
steel carbide blade. Following core collection and
sectioning, the dissepiment orientation was deter-
mined by X-radiography, measuring annual ex-
tension rates, growth axis position, and any sec-
tion breaks. Samples were collected along the

Fig. 4. Mixed-layer dissolved cadmium and barium pro¢les
from the Cariaco Basin: Jacobs et al. [28] and Falkner et al.
[29], respectively. For comparison the climatological mixed-
layer depth is shown for the sample collection period (No-
vember) as dashed lines [76]. Between 5 and 150 m, the line-
ar concentration gradients are 0.383 pM m31 for d[Cd]/dz
and 0.007 nM m31 for d[Ba]/dz. These pro¢les support cad-
mium’s enhanced sensitivity to upwelling variations in the
Cariaco Basin.
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primary growth axis with a diamond-coated steel
wire (130.2U0.08 mm, Crystalite), and the coral
slab only contacted polycarbonate surfaces during
sampling. Coarse sampling resolution is required
for adequate sample masses (approximately 250
mg), resulting in ¢ve to six samples per year for
M. annularis and two samples per year for S.
siderea. This coarse resolution will mute the am-
plitude of the seasonal cycle required for full-am-
plitude monthly estimates. Prior to analysis, the
surface corals were cleaned with a modi¢ed meth-
od of Shen and Boyle [41] described in Reuer [27],
utilizing two primary cleaning sequences of both
coarse aragonite fragments and a 280^700 Wm size
fraction. Each cleaning sequence included oxi-
dants (0.1 N NaOH^15% H2O2), reductants (cit-
ric acid^hydrazine), and dilute acid (0.1 N
HNO3), using ultrasonic cleaning and elevated re-
action temperatures (Ts 90‡C) to quantitatively
remove organic and oxide contaminants.
The analytical methods used in this study in-

clude graphite furnace atomic absorption spectro-
photogrammetry GFAAS) and isotope dilution
ICP-MS (ID-ICP-MS), and all duplicate analyses
were completed on homogenized splits of individ-
ual samples. First, cadmium concentrations were
determined via GFAAS, preconcentrating cadmi-
um from the CaCO3 matrix with Co-APDC co-
precipitation [41,42]. The reaction was completed
at pH 10.7 via distilled NH3 additions, observing
elevated and consistent recoveries (95.2Y 3.0%,
n=16) relative to pH 0.8 (77.3%, n=4). This re-
sult likely re£ects diminished Hþ competition for
the APDC complex, consistent with the Zn2þ and
Fe2þ observations of Boyle and Edmond [42].
Lead and barium concentrations were determined
by ID-ICP-MS (VG PlasmaQuad 2þ), spiking
sample solutions with well-characterized 135Ba
and 204Pb spike standards [43,44]. All spikes
were repeatedly calibrated with gravimetric ICP-
MS standards (J.T. Baker) prior to use. Standard
corrections for instrumental backgrounds, iso-
baric interferences (204Hg), and procedural blanks
were utilized.
Core chronologies were based solely on the an-

nual density couplet common to M. annularis (see
[45]) and S. siderea. As the focus of this study, a
representative M. annularis section is shown in

Fig. 5. Several limitations of this preliminary
chronology must be emphasized based on the lim-
ited core material collected from Isla Tortuga.
First, spurious age assignments can result from

Fig. 5. X-radiograph positive of a characteristic M. annularis
section from Isla Tortuga, the corresponding age assign-
ments, and sampling trajectory. Note the alternating dark
(low-density) and light (high-density) horizontal dissepiments
with an annual extension rate of 13 mm yr31. The vertical
calices correspond to aragonite deposition by individual pol-
yps. The image scale bar is 1 cm.
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faint or duplicate density banding patterns com-
mon to M. annularis dissepiments; questionable
sections were assumed to have annual extension
rates comparable to the 13 mm yr31 mean. Sec-
ond, three section breaks occur within this core
(at the assigned ages of 1923, 1939, and 1964) due
to bioerosion and drilling losses, and stratigraphic
continuity has been assumed between each sec-
tion. The resulting absolute chronological errors
will be too recent, while relative ages within indi-
vidual sections will be correct. Despite these lim-
itations, reasonable chronological agreement is
observed between the Cd/Ca and SST variability
(see below): an o¡set of three years was deter-
mined between the ¢nal positive Cd/Ca anomaly
(1949) and the corresponding negative SST anom-
aly (1946). Most importantly, the emphasis of this
study is the centennial trace element variability
and its generalized comparison with historical cli-
mate records. The exact timing of the inferred
variability will be determined by multiple, over-
lapping cores from a single colony and high-reso-
lution stable isotope analyses.

2.2. Cariaco Basin hydrography

Before presenting the trace element results, the
regional hydrography and climatology must be
considered. The Cariaco Basin represents two ex-
tensional sub-basins bounded to the south by the
South American continent and to the north by the
Tortuga Bank [9]. The high-resolution Smith and
Sandwell [46] bathymetry is shown in Fig. 1. The
shallow Tortuga Bank is transected by the Canal
Centinela to the northwest (116 m) and the Canal
de la Tortuga to the northeast (195 m) [35], re-
stricting intermediate water £ow above 200 m.
This bathymetry results in uniform temperature
(16.9‡C) and salinity (36.2x) from 300 to 1390
m [9]. Low intermediate water ventilation, high
integrated primary production rates (540^690 gC
m32 yr31, [35]), and subsequent organic matter
degradation [47] creates the well-known water col-
umn anoxia. The shallow mixed layer and upper
thermocline of the Cariaco Basin are a¡ected by
coastal upwelling (late boreal winter to spring)
resulting from Ekman divergence forced by the
northeasterly trade winds (Fig. 1). South Ameri-

can coastal upwelling, the associated surface cur-
rents, and their temperature^salinity characteris-
tics are complex [40], including two distinct
upwelling centers near northern Venezuela and
Colombia, westerly countercurrents south of the
Caribbean Current, and salinity minima due to
fall freshwater in£uxes from the Orinoco and Am-
azon rivers.

2.3. Tropical North Atlantic climatology

The climate of the tropical North Atlantic is
governed by the seasonal meridional position of
the ITCZ (see [48,49]). During late boreal winter
(March^April), the ITCZ reaches its southern-
most extreme, associated with SST and precipita-
tion maxima in the tropical South Atlantic and a
hemispheric SST di¡erence of 34 to 35‡C (N^S
domains [50]). EOF analysis by Nobre and Shu-
kla [51] demonstrated SST anomalies in this re-
gion are preceded by wind stress anomalies two
months in advance, suggesting a SST response to
trade wind forcing. In boreal summer, positive
SST anomalies in the tropical North Atlantic re-
sult from lower wind stress and latent heat £uxes,
reversing the north^south SST gradient, shifting
the ITCZ to the north, and increasing tropical
North Atlantic precipitation. The mean position
and dynamics of the ITCZ are thus governed by
coupled ocean^atmosphere variability [52], a¡ect-
ing SST distributions in the tropical Atlantic and
precipitation variability in the African Sahel and
Brazilian Nordeste [1,51,53,54].
Multiple climate forcing mechanisms have been

developed to explain tropical North Atlantic var-
iability. Coupled air^sea interactions are an im-
portant mechanism in this region, associated
with a SST ‘dipole’ between the northern and
southern tropical Atlantic [3,5]. The persistence
of this feature is currently debated [5,55,56] ; how-
ever, northern and southern tropical Atlantic
SSTs are signi¢cantly anti-correlated on decadal
time scales. For example, Chang et al. [5] ob-
served a signi¢cant dipole SST pattern in the ¢rst
leading mode of a joint (surface wind and SST)
singular value decomposition analysis, and model
results have shown a decadal SST response be-
tween the northern and southern tropical Atlantic
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with both stochastic [5] and climatological [57]
wind stress forcing. Coupled equatorial interac-
tions similar to the Paci¢c El Nin‹o-Southern Os-
cillation (ENSO) phenomena have been reported
[58^60], although their recurrence and magnitude
are less than their Paci¢c counterpart. Finally,
extra- and intratropical forcing, including NAO
[61] and ENSO [51,56,62] coupling, have been
demonstrated, modulating the ‘dipole’ dynamics
via atmospheric forcing.

3. Results and discussion

The principal trace element records from Isla
Tortuga, Venezuela are shown in Fig. 6. The

Cd/Ca and Ba/Ca data are also presented in
Fig. 7 as mean annual anomalies (calculated
with respect to the entire record length) and an-
nual amplitudes. A two-fold Cd/Ca reduction is
observed between 1920^1950 (3.48 nmol/mol) and
1950^1995 (1.73 nmol/mol), occurring between
1946 and 1952. The Ba/Ca ratio does not show
a comparable transition across this interval, with
the Ba/Ca standard deviation equal to 0.35 Wmol/
mol (2c). The Cd/Ca reduction is synchronous
with a decreased annual amplitude, whereas no
comparable Ba/Ca modulation is observed. Com-
parison between the Cd/Ca and Ba/Ca results and
the trace element hydrographic distributions
shown in Fig. 4 supports a possible mid-20th cen-
tury reduction in coastal upwelling.

Fig. 6. Isla Tortuga raw Cd/Ca and Ba/Ca records. These results re£ect duplicate sample analyses of a single M. annularis core.
The upper panel shows the Cd/Ca ratios (in nmol/mol), and the lower panel shows the Ba/Ca record (in Wmol/mol). Error bars
are 2c calculated from sample replicates, including cleaning and analytical uncertainties. Note the Cd/Ca transition at 1950 and
no corresponding shift in Ba/Ca. A systematic increase in Ba/Ca is also observed at 1981.
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3.1. Surface coral trace element artifacts

Before interpreting these results, the known ar-
tifacts in£uencing surface coral trace element ra-
tios must be addressed. The ¢rst consideration is

the coral cleaning technique, isolating seawater-
derived trace elements associated with the arago-
nite lattice [41]. One useful test is the signal-to-
noise ratio between sample replicates and the sig-
nal of interest, assuming contaminated replicates
will not be equal. The magnitude of the mid-cen-
tury shift is 1.8 nmol/mol. With a mean replicate
2c standard deviation of 0.2 nmol/mol, the S/N
ratio (9) suggests the observed signal is not a con-
tamination artifact. The Pb/Ca record (Fig. 8)
supports this hypothesis with no observed Pb/Ca
transition and the established Pb/Ca response to
sample contamination [41]. The mean Cariaco Ba-
sin Cd/Ca ratio (2.37 nmol/mol) can also be com-
pared with previous analyses from Bermuda (0.44
nmol/mol [63])2 and the Gala'pagos (5.30 nmol/

Fig. 7. Left panels: Isla Tortuga mean annual Cd/Ca and Ba/Ca anomalies. The anomalies are calculated with respect to the
complete record length (1918^1996). Note the predominant Cd/Ca transition at 1950 and the diminished mean annual Ba/Ca var-
iability. Right panels: Isla Tortuga Cd/Ca (nmol/mol) and Ba/Ca (Wmol/mol) annual amplitude anomalies. Note the dampened
Cd/Ca amplitude after 1950 and no comparable shift in Ba/Ca.

Fig. 8. Cariaco Basin Pb/Ca record: Isla Tortuga. Note the
Pb/Ca maxima (1932, 1940, and 1968) and no elemental
transition at 1950. Error bars are 2c from sample duplicates.

2 This estimate was determined from the 1867^1899 Cd/Ca
mean to minimize potential anthropogenic cadmium contribu-
tions to North Rock, Bermuda.
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mol [22]). Because these ratios are consistent with
the mean annual mixed-layer phosphate concen-
trations at each site (0.321, 0.088 and 0.608 WM
[64]), the mean Cariaco Basin Cd/Ca ratio agrees
with previous, independent trace element analy-
ses.

3.2. Kinetic artifacts

A second possible surface coral artifact is ki-
netic trace element fractionation, as suggested by
the Sr/Ca calibrations of de Villiers et al. [25,26]
and Cohen et al. [65]. Reduced coral extension
rates (14^6 mm yr31) resulted in elevated Sr/Ca
ratios (ca. 9.08^9.22 mmol/mol at 1980) for the
Paci¢c species Pavona clavus. To address this issue
for cadmium and barium, we have analyzed two
coral species with di¡erent extension rates, rang-
ing from 7 mm yr31 for S. siderea to 13 mm yr31

for M. annularis. The results are shown in Fig. 9,
observing consistently higher and variable trace
element ratios for S. siderea. Interspecies di¡er-

ences for Ba/Ca (6.0 Wmol/mol) and Cd/Ca (2.3
nmol/mol) are of equal magnitude to the observed
range from the Cariaco Basin records. Most im-
portantly, the instantaneous calci¢cation rate
must be measured for a quantitative comparison,
and other interspecies di¡erences (e.g. colony to-
pography) cannot be discounted without a sys-
tematic trace element calibration.
The results shown in Fig. 9 suggest kinetic ar-

tifacts will a¡ect both the absolute elemental ratio
between reef colonies and the relative variability
within an individual record. For example, the Ba/
Ca range (1976^1994) is from 0.66 Wmol/mol for
M. annularis to 4.10 Wmol/mol for S. siderea. Be-
cause the S. siderea colony was not located at the
exact same site, some of the elemental di¡erences
might re£ect local variability. High-resolution sea-
water cadmium and barium measurements at
these reef sites, however, presently do not exist.
Elemental contamination from the dense trabecu-
lae of S. siderea might also contribute to the ele-
vated noise observed in this record.
Can the Isla Tortuga Cd/Ca transition be ex-

plained by this signi¢cant kinetic artifact? Three
observations oppose this hypothesis. First, no cor-
responding Ba/Ca reduction is observed as ex-
pected from the Cd/Ca and Ba/Ca kinetic e¡ect
(Fig. 6). Second, no signi¢cant di¡erence in annu-
al extension rate was observed across this inter-
val : the 1920^1950 (13.3 Y 4.0 mm yr31) and
1950^1995 (13.3 Y 4.3 mm yr31) averages are
equal within the 95% con¢dence interval. Third,
the environmental Cd/Ca variability (approxi-
mately 5 nmol/mol for Cd/Ca) is still larger than
the artifact implied from the S. siderea compari-
son: an extension rate reduction to 7 mm yr31

will increase Cd/Ca by 2 nmol/mol. Kinetic e¡ects
are signi¢cant determinants of coralline trace ele-
ment ratios, but they cannot explain the mid-cen-
tury Cd/Ca reduction.

3.3. Anthropogenic artifacts

Finally, anthropogenic cadmium in£uxes repre-
sent another possible artifact given possible emis-
sions from metal smelting, chemical processing, or
municipal wastes (e.g. [66,67]). This hypothesis is
supported by known anthropogenic contributions

Fig. 9. Trace element interspecies comparison (S. siderea and
M. annularis), including Cd/Ca (nmol/mol, upper panel) and
Ba/Ca (Wmol/mol, lower panel). The S. siderea data are
shown as open squares, and the M. annularis results are giv-
en as closed circles. All results are shown as mean annual el-
emental ratios to account for sampling resolution di¡erences,
and the time interval is from 1976 to 1994.
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to coastal northern Venezuela, including munici-
pal and industrial wastes at reef sites [68] and
elevated mollusk [69] and sedimentary [70] heavy
metal concentrations near the Tuy, Tocuyo, and
Aroa rivers. To test this hypothesis, Pb/Ca ratios
were measured from the M. annularis core, ob-
serving three signi¢cant Pb/Ca maxima at 1932,
1940, and 1968 (Fig. 8). The third maximum is
correlated with a 1969 Pb/Ca maximum observed
from the Gala'pagos [71], suggesting this result
might be of regional signi¢cance. Most impor-
tantly, the Pb/Ca results show no comparable
mid-century reduction. Because anthropogenic
cadmium and lead can be derived from separate
sources (e.g. pigments versus gasoline additives),
this observation cannot eliminate an anthropo-
genic cadmium artifact. The lack of a mid-century
Pb/Ca transition, however, is consistent with the
upwelling hypothesis.

3.4. Interdecadal trace element variability

Upwelling variability provides the best explana-
tion for the trace element results given the limited
Ba/Ca variability associated with the Cd/Ca re-
duction. This hypothesis is best tested by histor-
ical climate observations from the Cariaco Basin,
including MAT and SST observations [13]. All
three historical climate records show negative
temperature anomalies from approximately 1920
to 1943, followed by positive temperature anoma-
lies from 1943 to 1988 (Fig. 2). The raw Cariaco
Basin SST anomalies also agree with the mean
annual observations, with seven negative anoma-
lies less than 33‡C from 1920 to 1950 relative to
two from 1950 to 19953. These observations are in
general agreement with the 1950 Cd/Ca reduction.
Anomalously cool SSTs (33.2‡C) were observed
at 1946, suggesting the inferred timing of the ¢nal
1946 Cd/Ca maximum is reasonable despite the
apparent disagreement with the mean annual
data. The potentially complex response of

mixed-layer cadmium concentrations to upwelling
at the site is largely unknown, thus the trace ele-
ment proxy records might not necessarily re£ect a
linear response to Cariaco Basin upwelling. A
mid-century reduction in upwelling intensity,
however, provides a consistent explanation for
the trace element (Cd/Ca, Ba/Ca, and Pb/Ca)
and historical climate records.
Can one link the inferred mid-20th century re-

duction in Cariaco Basin upwelling to a climate
forcing mechanism? One possible mechanism is a
northward meridional shift in ITCZ position
(mean annual or seasonal), resulting in reduced
trade wind intensity and elevated tropical North
Atlantic SSTs. Both raw [13] and objectively an-
alyzed [72] historical tropical North Atlantic SSTs
were considered, calculating mean annual SST for
the northern (5‡N^28‡N, 70‡W^10‡W) and south-
ern (20‡S^5‡N, 50‡W^10‡E) tropical Atlantic (do-
mains follow Servain [3]). Historical records from
the tropical North Atlantic show a transition
from anomalously cool to warm SSTs from
1925 to 1937 (data not shown), consistent with a
decadal northward migration of the ITCZ ap-
proximately 10 years prior to the inferred change
in Cariaco Basin upwelling. Either a signi¢cant
lag is required to explain the tropical North At-
lantic link, an additional forcing must be com-
bined with the North Atlantic variability, or a
separate mechanism is needed. The importance
of tropical and subtropical North Atlantic forc-
ing, however, should not be understated. From
the COADS data set, correlation between Cariaco
Basin historical SST (11‡N, 65‡W, 1859^1992)
and the North Atlantic was calculated, shown in
Fig. 10. Missing data from either the reference or
target grid point were simply omitted from the
calculation, and no interpolation or smoothing
was utilized. Greatest correlation (rs 0.7) was ob-
served for a large domain of the tropical^subtrop-
ical North Atlantic, increasing to rs 0.8 within
the southern Caribbean (compare with ¢gure 1
of Black et al. [7]). Thus historical Cariaco Basin
variability is linked to the tropical North Atlantic
on centennial time scales, but it cannot directly
explain the inferred mid-century upwelling reduc-
tion.
ENSO forcing of the tropical North Atlantic

3 Aliasing by limited temperature observations would in-
crease the possible number of winter SST anomaly events in
the early section of this record. Neither record aliasing nor
measurement bias (630.49‡C) can explain winter temperature
anomalies in excess of 33‡C.
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represents an alternative forcing mechanism for
the Cariaco Basin region. As shown by En¢eld
and Mayer [56], the El Nin‹o phase of the eastern
equatorial Paci¢c is correlated with reduced
northeasterly trade wind speed and persistent pos-
itive SST anomalies in the tropical North Atlantic
(10^20‡N, west of 40‡W). A northward shift in
the tropical Atlantic ITCZ thus results during
the El Nin‹o phase, and En¢eld and Mayer [56]
stated 50^80% of historical (1950^1992) tropical
North Atlantic SST variability can be ascribed
to ENSO variability. Although this mechanism
might explain historical variability during the lat-
ter half of the 20th century, no comparable shift
in ENSO indices (e.g. the Southern Oscillation
Index or eastern equatorial Paci¢c SSTs; see Fed-
erov and Philander [73]) has occurred at 1950.
The Cariaco Basin Ba/Ca record does show, how-
ever, consistently elevated Ba/Ca ratios from 1981
to 1995, in agreement with increased frequency of
El Nin‹o events and presumably linked to north-

ward ITCZ migration, enhanced precipitation
over northern South America, and elevated £uvial
discharge (increasing Cariaco Basin [Ba]). This
preliminary observation, however, must be tested
by cores taken directly within the Orinoco River
discharge plume, not within the upwelling center
of the Cariaco Basin. The trace element results
suggest ENSO variability might have a signi¢cant
e¡ect on the hydrological cycle of the Cariaco
Basin region, but a direct upwelling response is
uncertain.
Considering this apparent shift in Cariaco Ba-

sin upwelling, to what extent does this interpreta-
tion agree with the sedimentary proxy records?
The best comparison can be made with the decad-
al G. bulloides abundance record of Black et al.
[7], where the relative and absolute abundances of
this planktonic foraminifer from February to June
have been correlated with upwelling intensity at
this site ([4], and references therein). As shown in
Fig. 11, from 1920 to 1990 the trace element and

Fig. 10. Correlation map of Cariaco Basin historical SST. For each 2U2‡ cell, the correlation was calculated with respect to the
11‡N, 65‡W cell for the entire record (1859^1992). Historical SST data were taken from the COADS data set [13], and the con-
tour map includes rs 0 at 0.1 intervals. As expected, greatest correlation is observed at cells adjacent to the 11‡N, 65‡W cell,
and rs 0.7 is observed within the subtropical North Atlantic, tropical North Atlantic, and southern Caribbean. Historical SST
data thus support a link between the Cariaco Basin and tropical^subtropical North Atlantic variability.
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faunal abundance records are inconsistent, with a
greater correlation between Cd/Ca and mean an-
nual SST relative to G. bulloides abundance. This
observation does not necessarily refute the inter-
pretation of Black et al. [7] given the signi¢cant
correlation (r=0.87) between G. bulloides abun-
dance and the tropical Atlantic SST gradient,
but it suggests the nature of both geochemical
and micropaleontological upwelling proxies at
this site is more complicated than generally as-
sumed.
Despite the general agreement between the his-

torical climate records and the Cd/Ca results,
these observations cannot provide a simple, linear
interpretation of upwelling variations in this re-
gion. The Cd/Ca variability might be of local sig-
ni¢cance, resulting from island upwelling e¡ects
or local-scale cadmium sources, either natural or

anthropogenic. This local interpretation is sup-
ported by the tropical North Atlantic observa-
tions, including the zonal wind speed, interhemi-
spheric SST anomalies, and North Atlantic SST
anomalies (see ¢gure 3 of [7]). This ¢rst interpre-
tation, however, ignores multiple historical cli-
mate observations from this site, and a historical
SST bias greater than 1‡C is unlikely. Most im-
portantly, false correlations result from compar-
ing low-frequency signals within short time series
records; the limited trace element observations
presented here must be extended and replicated
for a quantitative assessment.

4. Conclusions

In conclusion, the surface coral Cd/Ca and Ba/
Ca records have raised several new questions re-
garding Cariaco Basin upwelling and its response
to tropical Atlantic forcing. Three conclusions are
obtained from these preliminary observations:
1. A two-fold reduction in the Cd/Ca ratio of M.

annularis is observed from 1946 to 1952. No
associated shift in the Ba/Ca ratio is apparent
across this interval. This variability is consis-
tent with the hydrographic distribution of cad-
mium and barium in the Cariaco Basin, sug-
gesting a two-fold, centennial-scale reduction
in upwelling intensity at this site.

2. Trace element artifacts are signi¢cant for sur-
face coral records but do not mask the larger
environmental variability. Both Cd/Ca and Ba/
Ca ratios exhibit a kinetic dependence between
M. annularis and S. siderea, with an approxi-
mate two-fold increase in elemental ratios as-
sociated with an equivalent reduction in annual
extension rate. Anthropogenic variability at
this site inferred from Pb/Ca ratios is also sig-
ni¢cant, with three maxima observed at 1932,
1940, and 1968. Kinetic and anthropogenic ar-
tifacts do not explain the mid-century Cd/Ca
reduction.

3. The trace element variability agrees with his-
torical climate observations from the Cariaco
Basin, including absolute and relative historical
SST and MAT records. The inferred upwelling
reduction does not corroborate the faunal

Fig. 11. Cariaco Basin proxy records and historical climate
comparison. The upper two panels show the previously de-
scribed mean annual vSSTA and Cd/Ca anomaly records
from this site. The lower panel shows the G. bulloides faunal
abundance data [7], core PL07-71BC. Note that the abun-
dance minimum corresponds to the interval of coolest SSTs
at this site.

EPSL 6627 5-5-03 Cyaan Magenta Geel Zwart

M.K. Reuer et al. / Earth and Planetary Science Letters 210 (2003) 437^452 449



abundance records from this region or the in-
ferred North Atlantic extratropical forcing.
These results demonstrate the potential utility

of combined geochemical and micropaleontologi-
cal proxies from separate, annually resolved sys-
tems. The discrepant results between faunal abun-
dance records, geochemical proxies, and the
historical climate records suggest the response of
these proxy systems to tropical upwelling is more
complicated than generally assumed, requiring
systematic modern calibrations. From the surface
coral trace element records, past upwelling within
the Cariaco Basin might therefore re£ect a com-
plex, non-linear system exhibiting centennial var-
iability.
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